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ABSTRACT
As discussed in Exoplanet Science Strategy (National Academies of Sciences Engineering
and Medicine 2018), WFIRST (Akeson et al. 2019) is uniquely capable of finding planets
with masses as small as Mars at separations comparable to Jupiter, i.e., beyond the current
ice lines of main sequence stars. In semimajor axis, these planets fall between the close-in
planets found by Kepler (Coughlin et al. 2016) and the wide separation gas giants seen by
direct imaging (e.g. Lagrange et al. 2009) and ice giants inferred from ALMA observations
(Zhang et al. 2018). Furthermore, the smallest planets WFIRST can detect are smaller
than the planets probed by radial velocity (Mayor et al. 2011; Bonfils et al. 2013) and Gaia
(Perryman et al. 2014) at comparable separations. Interpreting planet populations to infer
the underlying formation and evolutionary processes requires combining results from multiple
detection methods to measure the full variation of planets as a function of planet size, orbital
separation, and host star mass. Microlensing is the only way to find planets from 0.5 to 5M⊕
at separations of 1 to 5 au.
Fundamentally, the case for a microlensing survey from space has not changed in the past
20 years: going to space allows wide-field diffraction-limited observations that can resolve
main-sequence stars in the bulge, which in turn allows the detection and characterization of
the smallest microlensing signals including those from planets with masses at least as small
as Mars (Bennett & Rhie 2002). What has changed is that ground-based microlensing is
reaching its limits, which underscores the scientific necessity for a space-based microlensing
survey to measure the population of the smallest planets. Ground-based microlensing has
found a break in the mass-ratio distribution at about a Neptune mass-ratio (Suzuki et al.
2016; Jung et al. 2018), implying that Neptunes are the most common microlensing planet
and that planets smaller than this are rare. However, ground-based microlensing reaches
its detection limits at mass ratios only slightly below the observed break. The WFIRST
microlensing survey will measure the shape of the mass-ratio function below the break by
finding numerous smaller planets: ∼ 500 Neptunes, a comparable number of large gas giants,
and ∼ 200 Earths (if they are as common as Neptunes), and it can detect planets as small
as 0.1M⊕ (Penny et al. 2018). In addition, because it will also measure host star masses and
distances, WFIRST will also track the behavior of the planet distribution as a function of
separation and host star mass.
3Figure 1. Left: the planet mass-ratio distribution measured by S16 shows a peak that J18
constrain to be at qbr ∼ 5 × 10−5, but ground-based microlensing is only marginally sensitive to
planets below qbr (figure from S16). Right: the timescale distribution of single microlenses measured
by OGLE (Mro´z et al. 2017) (solid, purple line) is consistent with no free-floating Jupiters which
rules out the Sumi et al. (2011) (dashed, red line) estimate of 2 free-floating Jupiters per star (figure
from Mro´z et al. 2017). However, there is tentative evidence for a population of smaller free-floating
planets (gray and green distributions), which, if real, can be characterized by WFIRST.
1. INTRODUCTION
Because microlensing is the only planet-finding technique that probes planets as small as
Mars just beyond the current ice lines of their hosts, it is essential for a complete sample
of exoplanet populations (National Academies of Sciences Engineering and Medicine 2018).
Thus, there is a broad case for WFIRST microlensing, which will detect & a thousand plan-
ets. A sample of this size will allow direct tests of planet formation theory, novel discoveries,
and provide context for understanding the planets of our solar system (see e.g., Bennett et al.
2010; Spergel et al. 2015; National Academies of Sciences Engineering and Medicine 2018).
Rather than providing a broad perspective on the WFIRST microlensing science case,
the purpose of this white paper is to explore in detail a few specific, well-defined, science
questions motivated by recent research that can be answered by WFIRST.
2. QUESTIONS THAT SPACE-BASED MICROLENSING CAN ANSWER
2.1. What is the Shape of the Mass-Ratio Distribution of Planets?
Ground-based microlensing shows the mass-ratio (q = mp/Mstar) distribution of exoplanets
at a few au can be described by a broken power law that peaks at a Neptune mass ratio,
i.e., qbr ∼ qNep ∼ 5× 10−5 (Figure 1; Suzuki et al. 2016; Jung et al. 2018, hereafter S16 and
J18, respectively). For planets with q & qNep, the observed planet distribution is smooth and
decreasing with a power-law index of n = −0.85 (as in dN/d log q ∝ qn for q > qbr; S16). This
distribution is inconsistent with population synthesis models using the runaway gas accretion
process from core accretion theory (Ida & Lin 2004; Mordasini et al. 2009), which predict
few planets with mass ratios in the range 1 < q/10−4 < 5 (Suzuki et al. 2018). Microlensing
gives strong evidence for a break in the mass-ratio distribution at qbr ∼ 5.6×10−5 (S16; J18).
4While the power-law index below qbr (i.e., p for dN/d log q ∝ qp for q < qbr) is constrained
to be positive, the value is not well measured. The best-fit value from S16 is p = 0.47 while
J18 prefers a value of p ∼ 4.5 with p ∼ 2.5 – 9 allowed at 1σ.
Measuring the value of p (or showing the small mass-ratio distribution is inconsistent with a
power-law) requires a survey with substantial sensitivity to planets with mass ratios q < qbr,
which is only possible from space.
2.2. How Does the Planet Distribution Vary with Semi-Major Axis?
Comparing the microlensing mass-ratio distribution to that derived from Kepler by Pas-
cucci et al. (2018) suggests the form of this distribution depends on separation from the
host star. Pascucci et al. (2018) find that the mass-ratio distribution of Kepler planets with
P < 100 days and 1 < rp/R⊕ < 6 (5 < q/10−5 < 8) is also consistent with a broken power
law with qbr ∼ 3 × 10−5. Their value of qbr is similar to the J18 value from microlensing,
but the power-law indices are significantly different. They find n = −2.9 for planets with
q > qbr, which is much steeper than the microlensing value of n = −0.86 (S16). Likewise,
the Pascucci et al. (2018) value of p ∼ 1.0 for planets with q < qbr is at the lower limit of
what is allowed for microlensing planets (p & 2.5 1-σ lower limit and p & 0. at 3-σ S16;
J18). These differences indicate the shape of mass-ratio distribution of planets changes with
orbital period, but the details of this variation are virtually unconstrained.
Measuring the value of p for microlensing planets with q < qbr to enable a direct comparison
to p for short-period planets requires space-based microlensing. Furthermore, a space-based
microlensing survey allows the detection of large planets over a much wider range of sepa-
rations and thus a measurement of the variation of n with separation. Finally, space-based
microlensing can measure absolute projected separations for its planets, which will allow a
more direct study of the variation with planetary orbital properties.
2.3. How does the Planet Distribution Vary with Host Star Mass?
Pascucci et al. (2018) find the mass-ratio distributions for M-, K-, and G-dwarf hosts are
consistent with being drawn from the same population, i.e., that the forms of the broken
power laws are consistent. Likewise, Udalski et al. (2018) present tentative evidence that the
break in the microlensing planet mass-ratio distribution is a break in mass-ratio rather than
mass. The lack of variation with host type suggests that mass ratio is a more fundamental
quantity for defining planet populations than planet mass or radius, and therefore, that some
aspect of planet formation scales with mass ratio for M-, K-, G-dwarfs.
Only a space-based microlensing survey will routinely measure the masses of the lens
stars, both those with and those without planets. Thus, a space-based microlensing survey
can measure the dependence of the planet mass-ratio distribution on host mass for wider
separation planets, and test whether mass-ratio is a more fundamental quantity than planet
mass.
2.4. Are There Free-Floating Planets and What is Their Mass Function?
Recent statistical results from the OGLE survey by (Mro´z et al. 2017) find no evidence
for a significant population of free-floating Jupiter-mass planets, and place an upper limit
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Figure 2. Left: WFIRST’s precision photometry for ∼ 14, 000 events will measure the mass
ratio function below qbr (gray dashed line). The solid and dashed magenta curves show where
WFIRST can detect 20 and 5 planets per dex2 if every star has such a planet. These curves
extend substantially below q⊕ (cyan dashed line). In contrast, the red line shows for 20 planets per
dex2 for the ground-based MOA survey, which has limited leverage for measuring the mass-ratio
distribution below qbr. Right: WFIRST is also able to measure masses for microlensing host stars
and thus, their planets, as well as the orbital separations of those planets. The planet parameter
space probed by WFIRST (blue) complements Kepler (red) as well as radial velocity, astrometry,
and direct imaging.
of such planets of 0.25 per star at 95% confidence, refuting the previous claim of Sumi
et al. (2011). However, Mro´z et al. (2017) do have tentative evidence for a population of
smaller free-floating planets. Furthermore, Mro´z et al. (2018a) and Mroz et al. (2018b) have
identified individual free-floating planets candidates including one that is plausibly an Earth
or Neptune.
A microlensing survey from space can detect free-floating planets as small as 1MMars.
Furthermore, it can place stringent limits on potential stellar companions to demonstrate
whether the population is truly free-floating (e.g., ejected) or consistent with being on wide,
but bound orbits (Gould 2016).
3. REQUIRED FEATURES OF A MICROLENSING SURVEY FROM SPACE
3.1. Detecting Small Planets
The smallest planets are challenging to detect because their signals are intrinsically rare.
While the dependence on planet mass is relatively shallow (q1/2), the net effect is still that
the geometric probability that an Earth mass-ratio planet produces a signal is . 0.5%. Thus,
detecting such small planets requires first detecting large numbers of microlensing events.
While ground-based microlensing surveys detect & 3, 000 events per year, these are biased
toward the most numerous, and therefore, the faintest source stars. For ground-based, seeing-
limited observations, many of these stars are below sky, and thus, the sky brightness sets
the limit on the photometric precision that can be achieved. Furthermore, in seeing-limited
observations, fainter stars are very likely to be blended with neighboring stars of comparable
brightness, which dilutes the microlensing signal.
6Diffraction-limited observations from space eliminate this problem giving high-precision
photometry of even M-dwarf sources in the bulge. Such observations also limit blending
with other stars. Figure 2 shows the sensitivity of the MOA ground-based microlensing
survey (S16), which is extremely limited below qbr (KMTNet is expected to do somewhat
better than MOA because it has three sites and goes deeper, but its true performance is
unknown because core survey operations are still underway). By contrast, the substantial
sensitivity of WFIRST (adapted from simulations in Penny et al. 2018). to planets with
q < qbr will give a measurement of the power-law index of the mass-ratio function down to
mass ratios smaller than q⊕. Even if no Earth mass-ratio planets are detected, this will give
a strong constraint on the absence of such planets, especially compared to the measured
frequency of Neptunes.
Furthermore, the same properties that allow WFIRST to detect q⊕ planets allow it to
detect planets near qbr at separations a factor of ∼ 2 larger or smaller, i.e., a range from
∼ 0.3–100 au (see Figure 2). Thus, it will also be possible to study the behavior of the
mass-ratio function above qbr and the location of qbr as a function of separation.
3.2. Host Masses and Distances → Planet Masses and Orbital Separations
Answering the questions in Sections 2.2 and 2.3 requires transforming from the microlens-
ing observables (mass-ratio and separation as a fraction of the Einstein ring) to physical
properties (planet mass and projected orbital separation). However, it is difficult to measure
the masses of the host stars for ground-based events. Although it is often assumed that
the typical microlensing host star is an M dwarf, in practice, the host stars with measured
masses range from brown dwarfs (e.g., Shvartzvald et al. 2017) to G-dwarfs (e.g., Beaulieu
et al. 2016). Thus, in the absence of host star mass measurements, the observed mass-ratio
distribution is integrated across host mass, which will distort the distribution if it depends
on host mass. Measuring the host masses (and, therefore, also planet masses) for a large
number of microlenses, would allow a measurement of both the direct planet mass distribu-
tion and the planet mass-ratio distribution for different types of host star. These results can
then be unambiguously combined with results from other techniques to study dependence
of the planet mass distribution on semi-major axis from 0 to > 10 au.
The challenge is that the mass of the host star ML and its distance DL are not fundamental
microlensing observables. In fact, these properties are degenerate with each other and with
a third property, the relative proper motion between the host (lens) star and the source
star, µrel. Only one observable, the Einstein crossing time tE, is routinely measured in a
microlensing event, meaning that two additional measurements are required to determine
the host star mass and distance, and thus, the mass and physical separation of the planet
(or non-planet).
In seeing-limited, ground-based observations, it is rare to measure the flux from the host
star. Light from additional stars is often blended into the PSF with the host and the source
stars, and, even in the absence of blending, the host star light is usually too faint to be
detected. For planets detected in ground-based observations, many of their host stars can
be observed with high-resolution followup observations (either with adaptive optics or from
space) to resolve blending and, if the observations are taken several years after the event,
7make a direct measurement of µrel (e.g., Bhattacharya et al. 2018). Thus, high-resolution
observations alone can provide the two necessary additional measurements to determine the
host star mass and distance from the Sun.
Even if µrel is not measured, i.e., light from the host and source stars is not separately
resolved, space-based observations of the combined source and host star measure or place
upper limits on the host star flux (since the flux contribution from the source is known from
the light curve model and the blending problem is resolved). Then, the host mass can still be
measured if one additional microlensing effect is observed. For planets, one of these effects
is usually a measurement of the angular size of the Einstein ring θE = µreltE, which can be
derived from the finite source effect (modulation of the observed magnification due to the
finite size of the source star; Yoo et al. 2004). Another effect is the microlens parallax effect
due to the motion of the observatory about the Sun. This physical effect is present in every
microlensing light curve, but often at levels too small to be detected. However, the enhanced
photometric precision from space-based observations means that it will be measurable for a
much larger fraction of events. Finally, diffraction-limited observations from space will be
able to measure the astrometric microlensing effect (the shift in the centroid of the light
due to the unequal images of the source) for some events, which will give an independent
measurement of θE. Measuring this effect requires precision astrometric measurements while
the event is ongoing, which is nearly impossible from the ground, except for black holes
(Gould & Yee 2014; Lu et al. 2016).
Thus, space-based microlensing offers many more opportunities to measure additional in-
formation that can be used to derive absolute masses for the host stars. While not all of
these effects will be measurable in all events, mass measurements are expected for > 40% of
planet hosts. Furthermore, some events will have measurements of several effects, making
them over-constrained. This will allow internal tests of the various techniques that can be
used to verify their uncertainties. Finally, these same measurements will yield distances to
the host star. These measurements permit the transformation from microlensing observables
to physical parameters (left to right panels of Figure 2) and measurements of variations in
the planet population with semi-major axis and host star mass.
3.3. Characterizing Free-Floating Planets
One of the major challenges for interpreting free-floating planets detected by microlensing
is demonstrating that they are actually free-floating, i.e., that they do not have a host
star. The microlensing light curve itself can be used to rule out stellar companions within
a certain separation, i.e., place a lower limit on semi-major axis of the planet. However,
for ground-based microlensing the limits tend to be modest, ruling out companions within
a factor of two of ∼ 7 au depending on the particular object. The increased photometric
precision of a space-based microlensing survey would allow the detection of host stars at
larger separations. Furthermore, the high-resolution observations will place upper limits on
the flux from a potential host star.
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